Abstract. The results of two-dimensional modelling of positive streamer dynamics in 2 cm point-to-plane gap are presented, including the process of photoionization in a gas volume. The model of photoionization in air, developed by Zhelezniak, Mnatsakanian and Sizykh is considered in detail and a comparison with the experimental data of Penney and Hummert is presented. The model of photoionization in nitrogen, based on the data of Penney and Hummert is described. The simulations of streamers were performed for air and nitrogen-like gas. It is shown, that fundamental space scale of streamer-the width of space charge layer l ρ (ionization domain) around its head is defined by the length of absorption of photoionizing radiation l a . This length defines all other parameters: electron density, radius of streamer channel etc, so one may speak about standard streamer in air, whose properties depend only on pressure. Based on simulation results one may assume that streamer branching occurs in high field, when l ρ exceeds l a . The process of branching may be interpreted as an instability which transforms the non-standard streamer into a number of standard ones.
Introduction
Streamers are bright plasma filaments, which rapidly proliferate between high-voltage electrodes in a gas. The radius of these filaments is much less than their length. After the classical investigations of Loeb and Meek [1] , and Raether [2] it became clear that the streamer is at least twodimensional (2D) and a strongly nonlinear object. The most important events take place in its head, where the processes involving electrons, ions and molecules occur in a high selfconsistent electric field.
One of the most intriguing features of streamer dynamics is the ability of the positive streamer to propagate in a weak external field, far from the point of origin. In the past decade two-dimensional simulations of positive streamers in non-uniform fields (including proliferation in a weak field) have been performed [3] [4] [5] [6] [7] [8] . In these works the development of streamers in air was considered taking into account the photoionization in gas.
These results show that in a weak field the radius of the plasma channel is about 0.04-0.1 cm. In [9] it was shown that the simplest set of equations which describe the streamer does not contain the characteristic space scale. This means that streamer must 'remember' the initial conditions, that is the space scale of the avalanche at the moment of avalancheto-streamer transition.
Numerical simulations show, however, that this is not the case. The results of simulations reveal some internal space scale, associated with the streamer problem in a weak † On leave from Moscow State University, Research Computing Center (NIVC), 119899 Moscow, Russia.
field. In [10] it was assumed that this scale is defined by the photoionization, which was not taken into account in [9] . It has been argued [10] that the length of absorption of photoionizing radiation defines the characteristic width of ionization domain ‡ around the streamer head. In other words, it is the photoionization term, which introduces the space scale to the streamer problem.
In this work we present the results of a two-dimensional simulation of positive streamers in air and in nitrogen-like gas which confirm the previous statement. The aim of that work is to elucidate the role of photoionization in streamer propagation and structure. The model of streamer dynamics is described in section 2. The photoionization is a non local and nonlinear process, which is difficult to account for in analytical and numerical models. The physical models of photoionization in air and in nitrogen-like gas, as well as numerical aspects of their implementation, are described in detail in section 3. The numerical approximation of the basic equations is discussed briefly in section 4. A comparison of the results of the simulation for the two gases is presented in section 5.
The model of the streamer
The model of streamer dynamics is similar to that described in [6, 11] . The streamer is assumed to be cylindrically symmetrical with the axis z directed along its axis. Streamer propagation is governed by the following system (2) ∂n n ∂t = S att − L pn (3) V = − e ε 0 (n p − n e − n n )
where j e = −D e ∇n e − µ e En e (5) is the electron flux (current density divided by absolute value of electron charge) with the components {j er , j ez }; the electric field strength E = −∇V where V is the potential, n the number density, and D and µ are the diffusion coefficient and mobility, respectively. The subscripts 'e', 'p' and 'n' refer to electrons, positive and negative ions respectively, 'e' in (4) is the absolute value of electron charge. The mobilities of the positive and negative ions are two orders of magnitude lower than the mobility of the electrons. For short streamers, when the time of streamer advancement does not exceed several tens nanoseconds, one can neglect the motion of the ions. Their concentrations then obey the simple equations (2) and (3).
The terms in the right-hand side of (1)-(4) stand for the rates of production and loss of the charged particles. The S ph is the rate of electron-ion pair production due to photoionization in a gas volume, S i is the rate of collisional ionization, S att is the rate of electron attachment to oxygen molecules, and L ep , L pn are the rates of electron-positive ion and positive-negative ion recombination, respectively.
Ahead of the streamer and inside its head the terms S att , L ep and L pn are negligibly small [7] . These terms affect charges and field in the plasma of the streamer channel and for short streamers (of the order of 1 cm) their role is negligible. These terms, however, were retained for the sake of completeness.
The electron energy distribution is assumed to be in equilibrium with the local electric field. The validity of this (local field) approximation has been discussed elsewhere [12] . The rate of collisional ionization is then S i = αµ e En e , where α is the Townsend ionization coefficient given by the standard Townsend relation (section 5.1).
The term S ph describes the rate of electron-ion pair production due to emission of radiation by the streamer. The photoionization at a given point occurs due to radiation which comes from the whole plasma volume. This introduces non locality to the problem. The process plays a very essential role in streamer dynamics and deserves special consideration.
The models of photoionization in air and nitrogen

The physical model of photoionization in air
The physical model of photoionization in air was formulated in [13] . This model is based on the following assumptions. The source of UV radiation is excited nitrogen molecules N 2 (C 3 u ). In a wavelength range 980-1025 Å the emission of N 2 (C 3 u ) is absorbed mainly by oxygen and leads to photoionization events. The wavelength 1025 Å corresponds to the ionization threshold of oxygen. Note that the rate of photoionization in a nitrogen-oxygen mixture depends on the oxygen fraction and tends to zero when the oxygen partial pressure approaches zero. The authors of [13] considered a fine structure of the oxygen absorption spectrum and calculated the integral in absorption law of ionizing radiation over that wavelength domain.
Consider two small volumes dV 1 and dV 2 , separated by a distance r θ (the distance between two points r θ should not be confused with r, the radial coordinate). A number of photoionization events dQ ph2 (number of ion-electron pairs produced per second) in dV 2 due to radiation from dV 1 is given by
where I is the integral intensity of emission of the source volume (number of photons produced per second per cm 3 ). The latter value is proportional to the rate of collisional ionization
Here S i1 is the rate of collisional ionization in the source volume, α being the Townsend ionization coefficient (cm −1 ), W e = µ e E is the absolute value of the electron drift velocity ( cm s −1 ), n e is the electron density (cm −3 ), the factor A takes into account the quenching of the radiating state N 2 (C 3 u ) in collisions with heavy particles, p is the gas pressure (Torr), p q is the quenching pressure of C 3 u and ξ is a dimensionless factor (the value of ξ is discussed in section 3.3). For air p q = 30 Torr [14] .
The function f (r θ ) takes into account the absorption of the ionizing radiation along the path r θ . The calculations of [13] give the following relation for this function in a nitrogen-oxygen mixture
where χ min = 0.035 cm −1 Torr −1 and χ max = 2 cm
are the minimum and maximum values of the absorption coefficients of ionizing radiation by oxygen in the wavelength domain 980-1025 Å, p O2 is oxygen partial pressure (Torr).
Photoionization in the streamer problem
The propagation of the streamer is considered in cylindrical coordinates with the axis z directed along the streamer axis. In the two-dimensional problem the elementary computational cell is a ring of small width and height near (r, z). Let the emitting volume be the small element of the cylindrical ring shown in figure 1 . The number of photoionization events per second in a small element dV 2 = r 2 dr 2 dz 2 dφ 2 of the target ring due to radiation from a small element dV 1 = r 1 dr 1 dz 1 dφ 1 of the emitting ring is given by (6) 
where the distance r θ between source and the target volumes is r θ = r
The list of variables in the left-hand side of (9) indicates that dQ ph2 depends on all the coordinates of the source dV 1 and target dV 2 volumes.
Integration of (9) over the azimuth angle φ = φ 2 − φ 1 yields the rate of photoionization in the volume dV 2 due to radiation from the whole ring (r 1 , z 1 )
where d Q ph2 is the integral of (9) over φ and z 12 = |z 2 − z 1 |. (13) where R and Z are the radius and height of the computational domain, respectively.
In practice the direct use of (13) requires huge computer memory to store the array M ph . There are two options to reduce the amount of operations and memory. The first is to assume that the intensity of radiation of a streamer does not depend on the radius and is equal to its value on the streamer axis. This enables one to integrate (10) over r 1 which gives
where
Here R em is the streamer emission radius. Now calculation of the total photoionization rate reduces to a single integration
The proper choice of R em must be made by comparison with the results obtained using (13) . Physically, the relation (14) means that the streamer is considered as a set of uniformly emitting disks of radius R em . The intensity of emission from each point of the given disk is equal to that from the disk axis. To calculate the rate of photoionization one has to sum the contribution of all disks (16) . This approach actually takes into account photoionization due to emission from the streamer tip. Other parts of the streamer plasma along its axis practically do not emit radiation as the field there is very low. Equation (16) works well for streamers in high external field [11] . It appears [11] , that in high field, emission from the tip dominates at the early stage of streamer formation and then the streamer propagates in the pre-ionized space. In high field the streamer behaves as a flash lamp; it produces very intensive radiation when it arises and then the initial photoelectrons provide its propagation.
In a weak field it is essential to take into account the photoionization source in the course of streamer advancement [7] . Streamer plasma is surrounded by the space charge envelope, which creates high radial field [7] and one has to take into account emission from this region. To minimize calculations a coarse grid along the r-direction was introduced and S ph was calculated with the coarse emitting rings. Typically, the region 0 < r < 0.1 cm was divided into 40-60 uniform coarse rings for photoionization calculations. The value of 0.1 cm is a typical maximal streamer radius in air near the anode. This gives the width of emitting ring dr 1 0.1/50 = 0.0025 cm. It is essential that this value should be less than the characteristic scale of absorption of photoionizing radiation l a (section 3.4), typically dr 1 l a /3. By varying the number of coarse cells it is possible to describe photoionization with reasonable accuracy at a cost of a minimal number of operations. Furthermore, the array of geometrical factors (11) depends only on the distance |z 2 −z 1 | between the source and target volumes along the z-axis. This allows us to calculate M ph for a limited set of distances and then, for any given |z 2 − z 1 | to use the nearest element of M ph . This strategy gives the additional benefit in memory requirements.
Comparison with Penney and Hummert data
The geometry of the Penney and Hummert experiment [15] is shown in figure 2 . For interpretation of their experiments it is convenient to use spherical coordinates. The source of radiation is placed at the axis of symmetry far from the ion's collector [15] , that is the collector is seen from the source point at a small solid angle dθ (figure 2).
The rate of photoionization at the surface of the current collector in the Penney and Hummert experiment is where r θmin and r θmax are as shown in figure 2. As the source is far from the collector, one may put r θmax r θmin + h (figure 2), where h {r θmin , r θmax } is the height of the collector (h = 2 cm) †. Therefore, rθmax rθmin f (r θ ) dr θ f (r θ )h, where r θ is the mean distance from the source to the current collector. Equation (17) then reduces to
In our notations the Penney and Hummert expression for S ph2 [15] is S ph2 = S i1 ψ air (pr θ )hp dθ (19) where ψ air (pr θ ) is the absorption function, tabulated in [15] . Equating (19) and (18) 
or
The parameter ξ weakly depends on E/N in the emitting volume and by an order of magnitude is about 0.1 [13] . A comparison of f (r θ ) and ψ air for atmospheric pressure gives the value of ξ for the conditions of [15] . Figure 3 shows the curve f (r θ ), divided by (4π/ξ )((p + p q )/p q )p and ψ air (r θ ) for the pressure p = 760 Torr. As can be seen, with ξ = 0.2 the theoretical curve fits well the experimental function ψ air (r θ ). This confirms the mechanism of photoionization offered by Zhelezniak et al [13] .
Penney and Hummert reported the value E/N 10 4 Td in their experiment. Typical E/N values in the emitting volume of a streamer are in the range 100-1000 Td. † Note that here d is the differential operator and h is the collector height, whereas in [15] d denotes collector height. The data [13] show, that in the range 150 E/N 600 Td, ξ diminishes from 0.12 to 0.06. We will use the value ξ = 0.1. Note that (8) shows that the ratio f/p O2 depends on the product of partial oxygen pressure and distance. Figure 4 shows the behaviour of the function (8) at small distances r θ (for p = 760 Torr, p O2 = 150 Torr). As can be seen, for small r θ the absorption law can be approximated by a simple exponent with characteristic scale l a 1/120 0.0083 cm. The intensity of radiation therefore exponentially decreases at a distance l a .
The length of the absorption of photoionizing radiation
Recent two-dimensional simulations of positive streamers in air [3, 4, 6] allow us to estimate the width of the spacecharge layer (or ionization domain) around the streamer head in a weak field. It has the same value (about 0.008 cm). One may assume, therefore, that the width of the ionization domain is defined by the length of absorption of photoionizing radiation [10] . In [10] this idea was verified by comparison with experimental data and with the results of the numerical simulations available in the literature. The simulations described below were performed in order to check this prediction.
The model of photoionization in nitrogen
The physical mechanism of photoionization in pure nitrogen is poorly understood. Penney and Hummert [15] , however, performed measurements in nitrogen and presented an experimental function ψ N2 (pr θ ). Their measurements cover the region 4.5 < pr θ < 300 Torr cm and can be used in numerical simulations. Figure 5 shows the ψ N2 (points). It can be seen that points may be interpolated by two straight lines (power functions), which intersect at (pr θ ) c 12 Torr cm. Under atmospheric pressure this corresponds to the distance r θc = 12/760 0.016 cm.
In the streamer problem, the behaviour of ψ N2 for low values of pr θ is of special interest. We fit the data of [15] r θc and the behaviour of the absorption function at the distances r θ > r θc is not essential. One may expect that the width of the ionization domain of streamers in N 2 in a weak field is 10 −3 cm, that is an order of magnitude lower than in air.
The fit (22) , however, overestimates the total rate of photoionization. Integrating (19) over the solid angle with ψ N2 = 1 and ph = 1 yields S ph2 = 4πS i . Physically this result is unrealistic: the rate of photoionization cannot exceed the rate of collisional ionization. This paradox stems from the fact that the fit (22) is extrapolated down to pr θ 1 Torr cm. The actual law of radiation absorption below pr θ = 4.5 Torr cm is unknown ( figure 5 ) and one has to make additional assumptions about this law. Probably more realistic is the fit, shown in figure 5 by the dashed line (23) However, the latter fit means that under atmospheric pressure the radiation is not absorbed at the distance 4.5/760 6×10 −3 cm. This distance is five times higher than r θ 0 and is almost equal to the absorption length in air. Therefore, with the fit (23) it would be difficult to distinguish the streamers in nitrogen and in air. For the numerical experiment the fit (22) is adopted.
Numerical details
The streamer is propagated between a sharpened anode and a plane cathode. The anode is of the form of a hyperboloid of revolution (part of the anode is shown in figure 6 ). The origin of the cylindrical system of coordinates is positioned at the cathode surface opposite the anode tip. The z-axis is directed towards the anode. Potential and number densities are given at the nodes, whereas the field and electron flux are given at the cell surfaces. The system (1)-(4) was converted to finitedifference form by the method of control volume [16] . To obtain the finite-difference form of the Poisson equation (4) we write the left-hand side as ∇ · E. It is essential to note, that the divergence in (1) and in the expression ∇ · E must be approximated in the same way. This provides an exact conservation of the total current density in a system. The potential V is then introduced using relations From a computational point of view the most difficult task is an accurate approximation of electron fluxes in (1) . For the calculation of the fluxes a scheme [17] (extension of the Scharfetter-Gummel (SG) algorithm) was used. The method [17] has certain advantages over the standard fluxcorrected transport algorithm. It allows us to interpolate between the pure SG algorithm and a high-order scheme, depending upon the value of the field gradient. In the regions where the field gradient is low the SG scheme provides an accurate solution. In the regions of high-field gradient the high-order scheme is used. In the intermediate regions the scheme interpolates between the two limiting cases. This method allows us to describe accurately the movement of the streamer head on a reasonable grid. Typically the computational domain covers the region R = 1 cm in the radial direction and 6-10 cm in height (2 cm gap and 4-6 cm above the anode tip, depending on R and the anode shape). The grid along the z-axis has a 'window' where the cells are eight times smaller, than outside this region. This window covers the streamer head, where the gradients of all the parameters are very large and is moved along with the head. The radial grid is also non uniform, with the smallest cells near the axis. Typically the grid contains 500 nodes along the z-axis and about 150 nodes along the r-axis. Note that photoionization calculations require a special coarse grid, as described in section 3.2.
Results and discussion
Parameters and conditions
The streamer propagation was simulated in a 2 cm gap between a hyperboloidal anode and a plane cathode. The calculations were performed for the conditions listed in table 1. The initial plasma spot has a Gaussian shape in both the radial and axial directions (figure 6) n p (r, z)| t=0 = n e (r, z)| t=0
Initially no negative ions were in the gap. The anode was in the shape of a hyperboloid of revolution
The parameters in (24) and (25) are listed in table 1. The radius of curvature of the anode tip is R a = 0.0512 cm. Unless stated otherwise these parameters (the base case) are used. The voltage applied did not change in time. The axial shape of a Laplacian field for these conditions is shown in figure 7 . Townsend ionization coefficient α was calculated with the relation where E/N is expressed in Td (see table 1 (E/N is in Td). The electron diffusion coefficient D = 1800 cm 2 s −1 . A more detailed description of the transport parameters and calculation of terms L ep , L pn and S att is given in [11] . Boundary conditions for the system (1)- (4) are described in [6] .
Streamer in air
Standard streamer.
The propagation of the streamer in air is shown in figure 8 . The radius of the plasma channel is about 0.04 cm. Figure 9 shows the axial profiles of the electric field at the tip of the streamer for the two times: 17 and 29 ns. This figure allows us to estimate the space charge width l ρ at the tip. The l ρ can be defined as a region of field growth from low field in the bulk plasma E h to the peak value E max . This gives l ρ 0.006 cm, which agrees reasonably with the predicted value 0.0083 cm. Figure 10 displays the detailed maps of the absolute value of the electric field and the rate of collisional ionization S i at the moment 29 ns. The intensity of radiation is proportional to S i . It can be seen ( figure 10(b) ) that the region of high rate of ionization is much smaller than the radius of the plasma channel. A more detailed analysis [7] shows that the characteristic space scale of this region is about l ρ in both the axial and radial directions, that is the l ρ manifests itself as the optical radius of the streamer.
The mean streamer velocity is approximately 2.7 × 10 7 cm s −1 and the peak field at the tip is about 130 kV cm −1 . It is advisable to compare these values with those predicted by the isolated head model (IHM) [7, 8] . With the fixed l ρ = l a the IHM becomes closed. This describes the standard streamer in weak field in air, whose properties depend only on the gas density. The first equation of IHM relates the peak space charge field at the tip E ρmax with the Meek's number M, which describes the ionization efficiency of the ionization domain [7] 
The second equation results from the definition of M [7] exp where
B is the parameter in (26) and
is the integral exponent. Under given l ρ (27) and (28) form a set of two equations for two unknowns: M and E ρmax . Solving them one can find all the parameters of the standard streamer. Note that (28) was derived under the assumption E L E ρmax , that is the model describes a streamer in a weak external field. Note also that this model ignores the potential distribution along the streamer [7, 8] .
The IHM gives the following relations for the streamer velocity and the radius of the plasma channel:
where E h is the field in the bulk plasma of the head,ν i is the mean over the ionization domain value of the ionization frequency, ln(n h /n id ) 5 is the logarithm of the ratio of the electron density in the bulk plasma n h to that on the outside of the ionization domain n id . To calculateν i the fit of the axial field profile is used (relation (9) in [8] ). With l ρ = 0.006 cm and E h = 3 kV cm −1 , the IHM gives the peak field E max = 163 kV cm −1 , the radius of the plasma channel R h = 0.039 cm and streamer velocity V s = 3.6 × 10 7 cm s −1 . These values reasonably agree with those which resulted from the simulation (E max 130 kV cm −1 , R h = 0.04 cm and V s = 2.7 × 10 7 cm s −1 ). With l ρ = 0.0083 cm the IHM gives E max = 140 kV cm −1 , R s = 0.05 cm, n e = 4 × 10 13 cm −3 and V s = 3.6 × 10 7 cm s −1 . These are the estimates of the parameters of the standard streamer in air. Figure 11 shows the streamer development in the case when the radius of curvature of the anode tip is 2.56 times smaller. Parameter a in (25) is equal to 0.2 in this variant; all other conditions are the same as in the base case.
The variation of anode curvature and voltage.
The field near the anode is essentially higher now and the streamer rapidly expands in the radial direction. At 7 ns both the width of the ionization domain and the radius of the plasma channel exceed their standard values and the streamer exhibits 'branching'. The head takes the form of a cone with the proper space charge width at the edge of the cone. Figure 12 shows the field profile along the dashed line shown in figure 11 . It can be seen that along this line l ρ 0.008 cm in accordance with our assumption.
The same effect of two-dimensional branching arises if one increases the voltage. Figure 13 shows the streamer development when the anode voltage (15 kV) is 1.5 times higher than in the base case (all other parameters are the same). Near the anode, streamer radius rapidly increases up to 0.1 cm, which is more than a factor of two higher than the standard value for this condition (0.04 cm). The head of such a streamer appears to be unstable and transforms into a cone ( figure 13 ).
Streamer in nitrogen-like gas
According to (22) the characteristic length of absorption of ionizing radiation in nitrogen is an order of magnitude lower than in air. One may expect, therefore, that the width of the ionization domain and streamer radius will also be approximately ten times lower than in air.
To check this prediction we performed a simulation of the streamer, changing only the absorption law in the system of equations (1)- (4) . All other parameters (mobility, ionization coefficient and even rate of attachment) were kept the same (table 1) . The influence of this non-physical attachment process is negligibly small. The Townsend coefficients of collisional ionization as well as the mobilities of electrons in air and in pure nitrogen are close to each other. This choice of parameters provides, therefore, a good basis for comparison with air. It should be emphasized that the initial conditions were also exactly the same as in air.
The results of the simulation appear to be rather unexpected ( figure 14) . A plasma channel has the shape of a tube. The outer radius of that tube is about the radius of the initial plasma spot (figure 6). However, the thickness of the plasma 'wall' of the tube is about 0.010-0.012 cm, that is the radius of curvature of the plasma edge is 0.005-0.006 cm ( figure 14) i.e. 10 times lower than in air.
The axial profile of the electric field along the dashed line ( figure 14) for the time, 0.3 ns, is shown in figure 15 . Again, the l ρ is estimated as a length of field growth from a low value in the bulk plasma to a peak value. This length is about 0.002 cm (figure 15), which is a factor of two higher than the value of the absorption length (0.001 cm). According to (22) the radiation is not absorbed at the length 0.001 cm and then decreases exponentially with the characteristic scale 0.0011 cm; the sum of both lengths is 0.0021. Therefore l ρ 0.002 cm confirms the assumption. Figure 14 shows that the 'tube' has an anomalously high velocity: about 6×10 8 cm s −1 . The field at the edge of a tube is about 150 kV cm −1 i.e. approximately the same as at the tip of the streamer in air. With l ρ being an order of magnitude lower than in air, the velocity of the streamer should also be ten times lower. The velocity, however, is almost two orders of magnitude higher than in air. This suggests that a new mechanism of plasma proliferation arises.
This mechanism is related to a very strong emission from the tip. As noted above, by extrapolating the power function (22) to small pr θ (figure 5) we have overestimated the intensity of radiation at small distances. This intensity becomes almost three orders of magnitude higher than in air. This extrapolation is dictated by the desire to preserve the characteristic scale of (22) at small pr θ . High intensity of radiation leads to a pure photoionization mechanism of streamer propagation.
Indeed, the streamer needs τ ρ = l ρ /V s = 10 −3 /(6 × 10 8 ) 1.7 × 10 −12 s to traverse the distance l ρ . During this time interval the photoionization produces n id S ph τ ρ electrons per cubic centimetre at a distance about l ρ from the tip (on the outside of the ionization domain). To estimate S ph we neglect absorption of radiation and use expression (16) the coefficient m in the range 2 to 2π , depending on the geometry of the source volume.
We, therefore, have n id = S i ψ N2 pml ρ τ ρ n id ν i n h ψ N2 p ml ρ τ ρ , where n h is the electron density in the head. With ψ N2 = 1 (no absorption), ν i 10 11 s −1 and n h = 10 15 cm −3 it gives n id (4-10) × 10 14 cm −3 . The role of the space charge layer (ionization domain), therefore, is just to support high field. No collisional multiplication of electrons is required. Such a 'photostreamer' proliferates due to pure photoionization. Note that the relation (29) formally describes this situation: when n id approaches n h , streamer velocity tends to infinity.
Discussion
Recently Allen and Mikropoulos [18] measured the streamer velocity in uniform fields in air. In the lowest external field (4.49 kV cm −1 ) their measurements gave the fall of velocity from 5×10 7 to 2×10 7 cm s −1 when the streamer traversed a 12 cm gap. Our simulation gives the mean velocity of the standard streamer as 2.7 × 10 7 cm s −1 ; with l ρ 0.006-0.008 cm the isolated head model gives 3.6×10 7 cm s −1 . However, one must be careful when comparing the velocities, because they weakly depend on l ρ [8] . The lower l ρ , the higher is the peak field E ρmax and the higher is the mean ionization frequencyν i . Both changes partially compensate for each other, so that velocity (29) changes only weakly.
Gibert and Bastien [19] reported the value 0.017 cm for the measured optical streamer diameter in air. As discussed above, l ρ defines the optical radius of the streamer. According to our assumption, the visible diameter of the streamer should be 2l ρ 2l a = 2 × 0.0083 = 0.0166, which is in excellent agreement with the Gibert and Bastien experiment.
The results of the simulation confirm that the characteristic space scale of the streamer-the width of the space charge layer (or equivalently, the width of the ionization domain) is defined by the characteristic length of absorption of the photoionizing radiation. The other parameters of the streamer: the velocity, radius of plasma channel, etc, depend on this fundamental scale. This opens new perspectives in the investigation of streamer discharge. One may govern the shape, density of plasma and to a certain extent the velocity of streamer propagation by varying the photoionization length in a gas mixture.
For example, it is known that organic compounds usually have a very low photoionization threshold. By varying the content of such admixtures one may govern the streamer dynamics in a gas, which may be useful in plasma chemistry. In a nitrogen-oxygen mixture the increase in oxygen concentration will lead to a decrease of the streamer radius.
The concept of a standard streamer may also be useful in constructing the model of a high temperature leader. It is known that ahead of the leader front a streamer 'brush' is created i.e. a zone where multiple streamers are generated. These streamers provide the leader stem with the current. To simulate such a situation one may consider n standard streamers. The n then can be found from the balance of the total current in the system.
The tendency to the formation of a tube-like streamer in nitrogen was detected in simulations by Wu and Kunhartd [20] in high uniform external field. Wu and Kunhardt took into account photoionization in nitrogen and used the same data as Penney and Hummert. However, they did not publish the details of their photoionization model. In particular, it is not clear how they extrapolated the Penney and Hummert data to low distances. A negative streamer in pure nitrogen in a uniform external field was simulated in [21] . However, the model [21] did not take into account photoionization.
As has been shown, the photostreamer has very high propagation velocity due to the high intensity of the radiation. Physically, the formation of such a streamer in real nitrogen is hardly possible. The measurements of the photoionizing radiation absorption law at low pr θ would allow us to simulate a real streamer in pure nitrogen. Figures 11 and 12 show a possible scenario of streamer branching. One may assume, that the streamer with a high, non-standard radius of plasma channel do not 'survive', it exhibits branching so that the branch has standard parameters. Evidently, the 'tube' streamer in nitrogen-like gas is induced by initial conditions: the radius of the initial plasma exceeds the standard radius of the plasma channel for the streamer in nitrogen and the streamer exhibits immediate twodimensional branching. The 2D branching gives a cone or tube-like streamer, whereas in 3D space one may expect that the real branch would arise.
The other important issue is the characteristic time of instability, which lead to branching. Our 2D simulations show that non-standard streamers with high radius of plasma channel exist about 10 ns before they exhibit branching. In [22] a 3D instability was described, which leads to the distortion of the streamer axial symmetry. However, the simulations in [22] were performed with the 2D photoionization, i.e. it was assumed that the intensity of photoionizing radiation does not depend on the azimuth angle. The real physical mechanism of instability, which leads to streamer branching and its growth time will give 3D simulations with the fully 3D photoionization source, which are now in progress.
